Spliced leader (SL) RNA trans-splicing contributes the 5 termini to mRNAs in a variety of eukaryotes. In contrast with some transsplicing metazoan groups (e.g. nematodes), flatworm spliced leaders are variable in both sequence and length in different flatworm taxa. However, an absolutely conserved and unique feature of all flatworm spliced leaders is the presence of a 3-terminal AUG. We previously suggested that the Schistosoma mansoni spliced leader AUG might contribute a required translation initiator methionine to recipient mRNAs. Here we identified and examined trans-spliced cDNAs from a large set of newly available schistosome cDNAs. 28% of the trans-spliced cDNAs have the SL AUG in-frame with the major open reading frame of the mRNA. We identified over 40 cDNAs (40% of the SL AUG in-frame clones) that require the SL AUG as an initiator methionine to synthesize phylogenetically conserved N-terminal residues characteristic of orthologous proteins. RNA transfection experiments using several schistosome stages demonstrated that the flatworm SL AUG can serve as a translation initiator methionine in vivo. We also present in vivo translation studies of the schistosome initiator methionine context and the effect of the spliced leader AUG added upstream and out-of-frame with the main open reading of recipient mRNAs. Overall, our data have provided evidence that another function of flatworm spliced leader trans-splicing is to provide some recipient mRNAs with an initiator methionine for translation initiation.
Spliced leader (SL) 2 RNA trans-splicing is an RNA processing event that forms the mature 5Ј end of mRNAs (1) (2) (3) . The two substrates for the reaction are 1) a small RNA, the spliced leader RNA, and 2) a pre-mRNA. The spliced leader RNA consists of a small exon, the spliced leader, ranging in size from 15 to 52 nucleotides. The SL exon is followed by a 5Ј splice site and an intron without a 3Ј splice site. The recipient pre-mRNA substrate begins with an outron (an intron lacking a 5Ј splice site) followed by an exon or several exons and introns. Trans-splicing adds the spliced leader sequence to the 3Ј splice site of the outron, generating the mature 5Ј end of the mRNA. Spliced leader addition provides not only the 5Ј-terminal sequence but also brings a new cap to the mature mRNA. In metazoa, a trimethylguanosine (TMG) cap (m 2,2,7 GpppN) is present on the spliced leader RNA, and thus the mRNAs acquire a TMG cap (4 -9) .
Trans-splicing is present in some sarcomastigophora protozoa, hydra, nematodes, rotifers, flatworms, and early chordates (8 -20) . SL addition thus represents a major form of gene expression present in divergent groups of eukaryotes. For some organisms and genes, a function for trans-splicing is known. Trans-splicing in concert with 3Ј end formation serves to resolve polycistronic transcripts into monocistronic mRNAs for almost all genes in the kinetoplastida, ϳ20% of Caenorhabditis elegans genes, several genes in the early chordate Oikopleura, and at least one schistosome gene locus (11, (21) (22) (23) (24) (25) (26) (27) . In C. elegans, two spliced leaders have been identified, SL1 and SL2 (17, 28) . SL2 transsplicing participates in the resolution of polycistronic transcripts (21, 22, 24, 29) . However, SL1 addition is responsible for the majority of trans-splicing in nematodes, accounting for 50 -90% of trans-splicing in different nematodes. Notably, SL1 trans-splicing is not typically involved in resolution of polycistronic transcripts, and overall, its primary function remains unclear. Recently, we have shown that the addition of the TMG-capped SL1 to test transcripts does not have a significant effect on nematode mRNA stability and translation when compared with non-trans-spliced m 7 G-capped control RNAs (30) . However, SL1 trans-splicing may play a role in nematode translation by adding the spliced leader at a relatively conserved distance from the AUG of the recipient RNA endogenous open reading frame that is optimal for translation of TMG-capped RNAs (30) . Overall, however, the function of trans-splicing in several organisms remains unknown, and it remains to be determined what other functions trans-splicing may serve.
The spliced leader sequence varies among different trans-splicing organisms. However, within a group of trans-splicing organisms, the SL sequence typically exhibits high sequence conservation. For example, the 22-nucleotide SL1 spliced leader is almost absolutely conserved in all nematodes. The high sequence conservation of the nematode SL may be required as the sequence constitutes part of the SL RNA promoter in Ascaris and contributes to the ability to translate mRNAs with the trimethylguanosine cap (30, 31) . Trans-splicing has been identified in four major and divergent flatworm groups, triclads, polyclads, trematodes (parasitic flukes), and cestodes (tapeworms) (8, 13-15, 20, 32) . Flatworm spliced leaders exhibit a high degree of length and sequence variation, more than observed in some groups of trans-splicing organisms. The SL sequences range from 34 to 52 nucleotides in length (52 nucleotides is the longest SL known) and often have less than 50% nucleotide identity. The length and sequence variation in the SL is also accompanied by some variation in predicted flatworm SL RNA structure. Despite the significant SL length and sequence variation, several phylogenetically conserved nucleotides are present in divergent flatworm spliced leaders. Among these are an invariant 3Ј-terminal AUG. This is a unique characteristic of the flatworm SL not seen in spliced leaders from other organisms. In our original studies on schistosomes, the presence of the 3Ј-terminal SL AUG led us ask whether a function of transsplicing in flatworms might be to provide recipient mRNAs with an initiator methionine (33) . Our initial sequence characterization of a small set of trans-spliced schistosome RNAs indicated that the majority of trans-spliced mRNAs contained an independent and endogenous 3Ј initiator methionine for the primary open reading frame of the recipient mRNA. For these mRNAs, the SL AUG was upstream and out-of-frame with the primary open reading frame of the mRNA. Interestingly, we also identified two mRNAs for which the SL AUG was in-frame with the primary open reading frame of the mRNA. However, no additional bioinformatic or functional data were available to support the use of the SL AUG as an initiator methionine.
Recently, large scale EST and cDNA sequencing efforts have been conducted on schistosome mRNAs (34, 35) . In addition, during the last decade, genomic, cDNA, and EST sequencing efforts have increased enormously the number of predicted and known protein sequences. These new sequence data have enabled us to further examine the question of whether the flatworm SL AUG serves to provide recipient mRNAs with a required initiator methionine for expression of the endogenous mRNA open reading frame. In the current study, we have provided extensive bioinformatic data demonstrating that the flatworm spliced leader contributes an initiator AUG to some mRNAs necessary for the synthesis of N-terminal residues conserved in the orthologous proteins of other organisms. In addition, we developed and used methods for transient RNA transfection to demonstrate that the schistosomespliced leader AUG can functionally serve as an initiator methionine in vivo. Our results have expanded the known functions of trans-splicing and demonstrate that spliced leader addition in flatworms serves to contribute an initiator methionine for expression of some recipient mRNA open reading frames.
MATERIALS AND METHODS
Bioinformatic Analyses-Schistosome cDNAs with the spliced leader sequence were identified in the NCBI non-redundant and EST databases as well as the Schistosoma mansoni GeneDB using BLASTN. Spliced leader cDNAs were screened to eliminate clones containing non-terminal SL sequences. Non-terminal SL sequences can represent as high as 20 -25% of the clones.
5Ј-terminal SL clones were analyzed to determine whether the SL AUG was in-frame with the major open reading frame (ORF) of the mRNA using either the NCBI ORF Finder or MacVector Software (Accelrys, San Diego, CA). cDNAs with two approximately equivalent ORFs were eliminated from the analysis, and only cDNAs with ORFs of at least 150 nucleotides were characterized. Clones with the SL AUG in-frame with the major mRNA ORF were then analyzed by BLASTX against protein databases. Resulting pairwise alignments derived from BLASTX were initially analyzed to determine whether 1) the SL AUG-initiated protein had similarity with proteins in the data base between the SL AUG and the next downstream AUG and 2) if the similarity in these residues was phylogenetically conserved among orthologous proteins. In many cases, the orthologous proteins were extracted from the databases and subjected to multiple sequence alignment with the predicted schistosome proteins to confirm conservation of residues. To be considered a cDNA that uses the SL AUG to initiate open reading frames, a minimum of 5 identical or functionally similar and phylogenetically conserved residues must be present between the SL AUG and the downstream AUG.
The majority of SL AUG-initiated open reading frames exhibit much higher similarity (a higher percentage of identity and similarity between the SL AUG and next downstream AUG) with orthologous proteins. In addition, most assigned SL AUG-initiated proteins are also present in diverse phylogenetic groups representing vertebrates and at least two invertebrate groups.
RNA Preparation for Transfection-PCR-generated templates for in vitro transcription were synthesized from pRL-null (Renilla luciferase) or pGL3 (firefly luciferase)(Promega, Madison, WI) using primers that introduce a T7 promoter and 5Ј-UTR sequences at the 5Ј end of the luciferase ORF and a 60-or 85-nucleotide poly-A tail at the 3Ј end. The in vitro transcription reactions (T7 Megascript, Ambion, Austin, TX) typically contained 1 g of template/20-l reaction, 10 mM ATP, 10 mM CTP, 10 mM UTP, 12 mM cap analogue (m 7 GpppG or m 3 2,2,7 GpppG), 1.5 mM GTP, 1ϫ reaction buffer, and 1ϫ T7 polymerase mix and were carried out at 37°C for 4 h. After DNase I treatment, the mRNA transcripts were extracted with TRIzol (Invitrogen), and the RNAs were precipitated twice, once with isopropyl alcohol and then with 0.5 M ammonium acetate/ethyl alcohol. Precipitated RNAs were further washed with 70% ethyl alcohol, dissolved in water, quantitated spectrophotometrically, and examined by agarose-formaldehyde denaturing gel electrophoresis. Analysis of cap orientation on transcripts was carried out as described (36) and indicated that greater than 80% of the caps were added in the correct orientation. Schistosome Materials-Mice and hamsters infected with S. mansoni were provided by an National Institutes of Health contract through the Biomedical Research Institute and Fred Lewis. Additional S. mansoniinfected mice and hamsters were generously provided by Edward Pearce and Philip LoVerde, respectively. Adult schistosomes were perfused from the hepatic portal vasculature and maintained in RPMI 1640 with 10% FCS and 200 g/ml penicillin/streptomycin at 37°C and 5% CO 2 . Eggs were isolated from livers by gentle homogenization of infected livers in 1.5% saline followed by sequential filtering of the eggs through screens as described previously (37, 38) . Purified eggs were suspended in spring or MilliQ water to stimulate hatching of the miracidial larval stage. The larval stages were collected by migration toward light and concentrated by gentle centrifugation at 4°C (38) . Miracidia were either used directly for biolistic experiments or transformed into sporocysts by 18 -24 h of incubation in MEMSE-J with 1% bovine serum albumin and 200 g/ml gentamycin at 26°C in 5% CO 2 and O 2 (39, 40) . Following 18 -24 h of incubation, the transformed sporocysts were maintained at 26°C in MEMSE-J with 5% FCS and 200 g/ml penicillin/streptomycin in 5% CO 2 and O 2 .
RNA Biolistics-Preparation of gold microcarriers and biolistics were performed essentially as described previously (41) with the following modifications: 1) gold particles were spherical ϳ2.2 m gold from Degussa (10KM)(dmc2 Metals Group, South Plainfield, NJ) and 2) instead of lyophilization of the RNA onto the gold carriers, an alcohol precipitation was used. In vitro transcribed RNAs were precipitated onto gold particles using 2.5 M ammonium acetate/ethyl alcohol precipitation using either 0.25-5 g of Renilla luciferase reporter RNA or 0.25-5 g of firefly luciferase RNA/1 mg of gold particles. Luciferase activity in worms is RNA dose-dependent. The RNA/gold pellet was washed with 200 l of ice-cold ethyl alcohol, resuspended in ice-cold 100% ethyl alcohol (18 l/mg gold), and spread onto macrocarriers and processed as described previously (41) . Binding of RNA onto the gold particles was evaluated by formaldehyde agarose gel analysis to determine the integrity of RNA bound to the beads, and RiboGreen (Molec-ular Probes) (42) was used to quantitate RNA loaded onto the particles for data normalization. Analysis of RNA bound to beads indicated that little to no degradation of the RNA occurred prior to particle bombardment and that typically 80 -85% of the precipitated RNA was bound onto the gold particles.
Freshly perfused adult schistosomes were incubated in medium in 5% CO 2 at 37°C for 3 h to overnight prior to bombardment. 30 worm pairs in medium were carefully placed into the center of 35-mm Petri dishes, and just prior to bombardment, the medium was removed. The adults were bombarded with 1 mg of RNA-coated gold particles in a Bio-Rad Biolistic PDS-1000/HE particle delivery system at 15 inches of mercury of chamber vacuum, target distance of 3 cm (stage 1), and 1,550-psi particle acceleration pressure. In many experiments, the adults were immediately bombarded a second time. This effectively doubles the level of expression observed. After bombardment, 2-3 ml of RPMI plus 10% FCS and 200 g/ml penicillin/ streptomycin was added, and the adults were incubated at 37°C in 5% CO 2 for 3 h before the adults were collected, washed in phosphate-buffered saline, pelleted, and frozen prior to lysis for luciferase assays. Evaluation of gold particle delivery was carried out as described previously (41) .
For particle bombardment of miracidia and sporocyst, freshly isolated miracidia or 18 -24-h transformed sporocysts were suspended in MEMSE-J with 1% bovine serum albumin and 200 g/ml gentamycin, and ϳ1000 miracidia or sporocysts were gently spread onto the center of 35-mm Petri dishes in a minimal volume. Optimal biolistics parameters were determined to be 15 inches of mercury of chamber vacuum, target distance of 6 cm (stage 2), and 450-psi particle acceleration pressure. Following bombardment, 2 ml of Media F or MEMSE-J plus 1% bovine serum albumin or 5% FCS were added, and the miracidia or sporocysts were incubated at 26°C in 5% CO 2 and O 2 for 3 h before they were collected, washed in media, pelleted, and frozen prior to lysis for luciferase assays. Bombarded miracidia develop into viable sporocysts that can be maintained for several weeks.
RNA Electroporation of Sporocysts-600 -2000, 18 -24-h-old sporocysts were resuspended in 100 l of MEMSE-J with 1% FCS. The sporocysts were placed into prechilled 0.4-cm electroporation cuvettes, RNA was added to 50 g/ml, and electroporation was carried out in a BTX ECM 830 (square wave) electroporator (BTX, Holliston, MA) at 280 volts using a 0.5-ms pulse length. Following electroporation, the sporocysts were suspended in 2 ml of MEMSE-J with 5% FCS/200 g/ml penicillin/streptomycin and incubated at 26°C in 5% CO 2 and O 2 for 3 h before they were collected, washed in media, pelleted, and frozen prior to lysis for luciferase assays.
Luciferase and Protein Assays-Frozen pellets of adult or larval schistosome stages were resuspended in 150 l of the recommend lysis buffer (Promega, Madison, WI) and homogenized in Kontes disposable PEL-LET PESTLES with Microtubes (Vineland, NJ) several times using several freeze-thaw cycles and multiple passes with a motor-driven pestle. The lysates were cleared by centrifugation, and aliquots (20 l) of the supernatant were assayed using the Promega Renilla, luciferase, or Dual-Luciferase assay systems with a Sirius luminometer (Zylux Corp., Oak Ridge, IN) ) (41). Dual-Luciferase assays were used in conjunction with co-transfection of two reporters (firefly and Renilla luciferase) as normalization for transfection efficiency and biological variation. Protein assays on lysates were carried out using the Pierce BCA protein assay kit and Compat-Able protein assay preparation reagent set (Pierce). Experimental data were similar with or without normalization to a co-transfected reporter and to protein concentrations in sample lysates. Thus, some experimental data are presented with normalization, whereas other data are not.
RESULTS

Conservation of the Flatworm SL AUG and Its Sequence
Context-An alignment of the known flatworm spliced leaders and a subalignment of their 3Ј ends are presented in Fig. 1, A and B . The alignments illustrate the absolute sequence conservation of the 3Ј-terminal AUG of flatworm spliced leaders as well as the AUG sequence context. We previously (8, 13-15, 20, 32) . B, consensus sequences for schistosome translation initiation (non-SL ϭ non-trans-spliced mRNAs) and the 3Ј ends of flatworm spliced leaders. The translation initiation consensus was determined as described (33) on 300 characterized schistosome mRNAs. The length and 3Ј ends of the flatworm SLs are illustrated. Dots within the consensus region indicate identical nucleotides (nts). The dashes preceding the consensus represent upstream sequence that is variable in the spliced leaders. C, nucleotide frequencies at positions Ϫ1 to Ϫ3 for 300 non-trans-spliced schistosome cDNAs. derived a schistosome translation initiation AUG consensus from a small set of non-trans-spliced schistosome mRNAs. Re-evaluation of this consensus in light of additional sequences (ϳ300) indicates that it is still valid with the larger sampling (33) (Fig. 1C) . The non-trans-spliced mRNA translation initiation consensus along with the consensus of the flatworm SL AUG are shown in Fig. 1B . The schistosome translation initiation AUG context for non-trans-spliced mRNAs conforms to that observed in higher eukaryotes and a variety of invertebrates (43) (44) (45) with a highly conserved purine in the Ϫ3 position (Fig. 1C) . Notably, all the flatworm SL AUGs have a U in the Ϫ3 position instead of a purine.
Bioinformatic Analysis of SL cDNAs and ESTs-We previously noted that the schistosome SL AUG was typically not in-frame with major open reading frames of recipient mRNAs (33) . However, we observed two mRNAs (corresponding to ϳ5% of the trans-spliced mRNAs we originally identified) for which the SL AUG was in-frame with the major ORF of the recipient mRNA. Available bioinformatic data at the time did not support the conservation of the protein sequence between SL AUG and the next 3Ј-AUG with orthologous protein sequences in databases. The large increase in known and predicted protein sequences from a breadth of organisms, as well new EST and cDNA data for schistosomes (34, 35) , led us to further examine whether we could derive additional data to support the use of the conserved flatworm spliced leader AUG as an initiator methionine. We re-examined trans-spliced mRNAs we previously described and identified a large number of new trans-spliced schistosome mRNAs in both EST and nucleotide databases (ϳ250,000 ESTs and cDNAs) (34, 35) . These mRNA sequences were derived from two different schistosome species, S. mansoni and Schistosoma japonicum, which have identical SL sequences. Only a small percentage of the known cDNAs and EST sequences contains the schistosome SL. For example, of the ϳ150,000 known S. mansoni EST sequences, ϳ245 (0.16%) clones contained the spliced leader, whereas of the ϳ97,000 S. japonicum EST sequences, ϳ845 (0.9%) have the spliced leader. These values are an under-representation of the frequency of mRNAs with an SL for several reasons. First, unless specialized methods are used, full-length cDNAs are typically under-represented in libraries. Second, many of the S. mansoni ESTs represent sampling of internal cDNA fragments and cDNA synthesis, and sampling did not emphasize preparation or analysis of full-length clones (34) . Recently, ϳ9,500 S. japonicum cDNAs sequences were deposited into the nucleotide data base. Of these ϳ9,500 cDNAs, 216, or 2.3% of the clones, have a 5Ј-terminal spliced leader (270 clones have the SL, but 54 of these clones exhibited the SL in a non-terminal position). For our analyses, we examined all available cDNAs with a 5Ј-terminal SL in current databases (NCBI nucleotide and dbEST and S. mansoni GeneDB) to identify clones that might use the SL AUG as an initiator methionine. However, the 216 S. japonicum SL cDNAs derived from the newly deposited 9,500 cDNAs were used to calculate the percentages of clones with the SL AUG in-frame and other frequencies as these are primarily full-length and better characterized mRNAs.
The SL sequence is predominantly out-of-frame with the AUG of the major open reading frame for the majority of the SL mRNAs (72%). 28% of the cDNAs and ESTs contain the SL AUG in-frame with the main open reading frame. Many mRNAs often use the first in-frame AUG as the initiator methionine, particularly when present in an appropriate sequence context. However, there are a growing number of examples in which the first AUG may not be used as the initiation codon (46 -48) . In addition, as little is known regarding translation initiation in flatworms, it is possible that trans-spliced mRNAs with the potentially poor sequence context of the SL AUG (it lacks a purine at Ϫ3 when compared with non-trans-spliced schistosome mRNAs and other invertebrates) might preferentially initiate translation from a downstream AUG in a better context. N-terminal sequence for proteins derived from trans-spliced mRNAs containing the SL AUG in-frame with major ORF would provide definitive data regarding the initiator methionine of these proteins. However, these data are exceptionally difficult and expensive to obtain, particularly in parasitic organisms for which limited material is available. In the absence of these data, we chose to examine predicted SL AUG-initiated proteins for conserved amino acid residues between the SL AUG and the next 3Ј-AUG in orthologous proteins. If a predicted SL AUG-initiated protein contained conserved residues in orthologous proteins between the SL AUG and the next downstream AUG, these data would provide strong support that the SL AUG would be required for translation to produce a protein with N-terminal residues that are phylogenetically conserved for that particular protein. Of those cDNA clones that have the SL AUG in-frame with the major ORF (SL AUG in-frame clones), 35% have an in-frame Met within ϳ10 amino acids 3Ј of the SL AUG (10% of all SL clones identified). None of these cDNAs passed the similarity criterion described above for the amino acids between the SL AUG and the next in-frame AUG. These cDNAs may use the SL AUG (see below), or in some cases, the downstream AUG in these mRNAs might be used as the translation initiator methionine via a leaky scanning mechanism (49, 50) . Of the remaining SL AUG in-frame clones, ϳ40% exhibited phylogenetically conserved sequence similarity between the SL AUG and the downstream methionine, supporting the use of the SL AUG as an initiator methionine. Thus, over 40 schistosome mRNAs representing ϳ10% of the total SL-containing clones were identified in the different databases that meet our criterion (see supplemental Table 1 ). Alignments illustrating the phylogenetic conservation of SL AUG-initiated N-terminal residues are shown in Fig. 2 . These alignments are representative of the types of matches obtained and are presented to illustrate the evidence for conservation of N-terminal residues. Most alignments for predicted proteins initiated by the SL are strongly supportive of the SL AUG to generate a functional protein based on phylogenetic conservation of residues in orthologous proteins ( Fig. 2 ). However, some alignments (ϳ15%) are not as supportive as those shown. The majority of the predicted schistosome proteins are similar to known proteins with a discrete function. Only a small percentage of the proteins is similar to unknown, hypothetical proteins. This suggests that the use of the SL AUG for translation initiation is not generally a property of schistosome-specific proteins. Overall, these data provided strong support that a number of trans-spliced schistosome mRNAs would require the SL AUG as an initiator methionine to produce proteins with the requisite phylogenetically conserved N-terminal residues.
Luciferase RNA Reporter Transfection-We developed methods for RNA transfection using biolistics and electroporation into several stages of the schistosome life cycle, including miracidia (a free-swimming stage infecting the freshwater snail intermediate host), sporocysts (derived from miracidia that undergo polyembryony within the intermediate snail host), and adults (the sexual form in the vertebrate host). Following optimization of parameters for both biolistic and electroporation methods (see "Materials and Methods" for conditions used), we prepared luciferase (firefly or Renilla) RNAs to evaluate whether the schistosome SL AUG could be used to produce functional luciferase protein in vivo as measured by assay for luciferase activity. The initial test RNAs synthesized are illustrated in Fig. 3A . Wild-type firefly or Renilla luciferase RNAs were used as controls for transfection and translation. The firefly RNA control (firefly) consisted of an m 7 GpppG- To test whether the spliced leader AUG could initiate translation of luciferase protein, the entire 5Ј-UTRs of these RNAs were substituted with the 36-nucleotide schistosome SL, placing the SL AUG as the initiator methionine in-frame with the Renilla or firefly luciferase ORF (firefly or Renilla S. mansoni SL AUG). Test RNAs were introduced into schistosomes either by biolistics (adults, miracidia, and sporocysts) or electroporation (sporocysts). 3 h following RNA introduction, the samples were collected, frozen, lysed, and assayed for luciferase activity. As illustrated in Fig. 3B , introduction of the control firefly luciferase RNAs into different schistosome stages led to significant levels of luciferase activity in parasite lysates 3 h after RNA introduction. Replacement of the positive control RNA 5Ј-UTR with the schistosome-spliced leader such that the SL AUG replaced the luciferase AUG also resulted in luciferase activity in the parasite lysates. These data suggested that the schistosome-spliced leader AUG can function as a translation initiator methionine. To further test whether the luciferase activity observed was dependent on the SL AUG as the initiator methionine, we synthesized RNAs with the SL AUG mutated to GCG (firefly S. mansoni SL AUG to GCG and Renilla S. mansoni SL AUG to GCG). Mutation of either the wild-type luciferase or schistosome-spliced leader initiator AUG to GCG (AUG to GCG mRNAs) resulted in almost complete loss of luciferase activity in schistosomes ( Fig. 3, B-D) . These data are consistent with previous experiments demonstrating that the N-terminal 8 amino acids of firefly luciferase are required for luciferase activity (51) . Data illustrated in Fig. 3, C and D, were normalized for both transfection efficiency (co-transfection with a second RNA reporter) and protein content in schistosome lysates. Thus, differences in luciferase activity were not a function of variation in transfection frequencies or schistosome material. These data demonstrated that the schistosome SL AUG can serve as an initiator methionine for translation.
FIGURE 3. The schistosome SL AUG can serve as an initiator methionine for in vivo luciferase translation. A, illustration of 5Ј sequence of RNAs and initiator AUGs for firefly or
Renilla RNA transfection. B, firefly luciferase activity following biolistic introduction of test RNAs into schistosome adults, miracidia, and sporocysts. Test RNAs were introduced into different schistosome life cycle stages, the schistosomes were incubated for 3 h for translation of the RNA, the schistosomes were collected and lysates were prepared, and the lysates were assayed for luciferase activity. C, normalized firefly luciferase activities in co-transfected, electroporated sporocysts. The illustrated firefly luciferase RNAs were electroporated along with a second Renilla RNA as a transfection control into schistosome sporocysts (see Renilla in A). Luciferase activity in sporocysts was determined 3 h after transfection using the Dual-Luciferase assay. Firefly luciferase activity is illustrated normalized to both Renilla luciferase activity and protein concentration in sporocyst lysates. D, normalized Renilla luciferase activities in firefly co-transfected, electroporated sporocysts. Luciferase activity in sporocysts was determined 3 h after transfection using the Dual-Luciferase assay. Renilla luciferase activity is illustrated normalized to co-transfected firefly luciferase RNA activity and protein concentration in sporocyst lysates. These are representative experiments illustrating the mean Ϯ S.E. with three replicates for each RNA sample evaluated.
Spliced Leader AUG Context and Translation-
The SL AUG initiation context contains a U at Ϫ3. This is often considered a poor initiation context for some organisms. In a sampling of 300 non-trans-spliced schistosome cDNAs, U was present at Ϫ3 18% of the time (Fig. 1C) . To further examine the SL AUG initiation context and the contribution of the spliced leader sequence to translation initiation efficiency, we com-pared the AUG initiation context as a function of the nucleotide at the Ϫ3 position and in the context of the spliced leader sequence. As illustrated in Fig. 4 , substitution of the SL U at the Ϫ3 position to A led to significant increases in translation efficiency (compare SL UGC AUG to SL AGC AUG) for both firefly and Renilla reporters with the spliced leader. An A at the Ϫ3 position is the preferred nucleotide present 54% of the time in non-trans-spliced schistosome cDNAs (Fig. 1C) . Thus, the increases in translation efficiency with A at Ϫ3 are consistent with the apparent preferred AUG context in non-trans-spliced schistosome cDNAs (Fig. 4) .
As the UGC of the SL AGU is apparently a suboptimal context for initiation (when compared with AGC), we examined whether the upstream SL sequence contributed to the translation context by comparing translation of the SL UGC AUG with the first 30 nucleotides of the SL substituted with random nucleotides (N30). Notably, the translation efficiency of the N30 was as efficient as the SL in the 5Ј-UTR of the reporter RNA. These data indicated that the SL sequence itself does not contribute significantly to the use of the UGC AUG context. This may not be unexpected as 18% of schistosome cDNAs have a U at Ϫ3, and at least for the firefly luciferase RNA, mRNAs with UGC AUG are relatively efficiently translated (Fig. 4A) . Overall, these data indicated that although a purine at Ϫ3 may be optimal in some contexts, mRNAs with a U at Ϫ3 can be relatively efficiently translated.
TMG Cap and in Vivo Translation-The addition of the flatworm spliced leader to the mRNA also results in the addition of an m 3 2,2,7 GpppA cap to the RNA (8) . Substitution of an m 3 2,2,7 GpppG for the m 7 GpppG cap on the Renilla control RNA led to a reduction in translation when compared with the m 7 GpppG capped Renilla control RNA (Fig. 5 ). The addition of the TMG cap in the context of the SL did not improve translation of TMG-capped transcripts. Overall, reporter RNAs with the TMG and spliced leader were translated less efficiently than the m 7 G-capped control RNA.
SL AUG to Endogenous ORF AUG Distance-The addition of the spliced leader to recipient mRNAs that do not use the SL AUG as an initiator methionine places an AUG upstream from the major ORF AUG. In other organisms, this is known to be a potentially confounding factor that might require either leaky scanning or, if a short ORF is present, reinitiation mechanisms to facilitate initiation at the major ORF (44, 49, 50) . To determine whether the flatworm SL might be added at a conserved distance from the endogenous ORF AUG, we examined 160 S. japonicum mRNAs to define the distance between the SL and ORF of endogenous AUG-initiated mRNAs. As shown in Fig. 6A , 50% of the clones acquire the spliced leader within 30 nucleotides of the major open reading frame AUG. The distribution within the 30 nucleotides is further illustrated in Fig. 6B .
Effect of an Upstream SL AUG on Downstream AUG Translation-To evaluate the effect of the upstream and out-of-frame SL AUG on translation of a downstream open reading frame, we selected the 5Ј-UTRs of two native mRNAs for analysis, one encoding a high voltage-activated calcium channel ␤ subunit 2 and another encoding a U2 small nuclear ribonucleoprotein B (Fig. 7A) . The distance between the SL AUG and the open reading frame AUG for these mRNAs is 13 and 16 nucleotides, respectively. These distances fall within the typical range of the SL AUG to the ORF AUG as illustrated in Fig. 6 . The translation efficiency of reporter RNAs with these 5Ј-UTRs introduced into sporocysts was compared with the wild-type control firefly 5Ј-UTR and the SL AUG 5Ј-UTR. Notably, as illustrated in the Fig. 7B , the upstream and out-of-frame SL AUG did not have a negative effect on firefly reporter translation. In fact, the 5Ј-UTRs derived from SL AUG out-of-frame mRNAs led to higher levels of luciferase activity in schistosome lysates than either the wild-type or SL AUG translation-initiated reporter.
DISCUSSION
Our data have demonstrated that the spliced leader AUG is used as an initiator methionine for the open reading frames of some recipient schistosome mRNAs. This conclusion has been supported by protein similarity data that require the SL 3Ј-AUG as an initiator methionine to initiate synthesis of a protein with conserved N-terminal residues characteristic of orthologous proteins. In addition, RNA transfection experiments demonstrated that the schistosome SL AUG can be used as an initiator methionine for translation of test luciferase mRNAs.
Bioinformatic Analyses of SL AUG-initiated Proteins-28% of the schistosome SL cDNA clones analyzed have the SL AUG in-frame with the major open reading frame of the recipient mRNA. Approximately ϳ38% of these clones have a 2nd in-frame Met within ϳ10 amino acids of the SL AUG. Some or many of these clones could use the SL AUG as the initiator methionine since the RNA transfection data demonstrated that the SL AUG can act as an initiator. In addition, in some contexts, these adjacent AUG codons have been shown to increase translation, and it remains to be determined whether this is true in schistosomes (52) . Using relatively strict bioinformatic criteria requiring phylogeneti- cally conserved sequence similarity between the residues encoded between the SL AUG and the next in-frame downstream AUG, we have identified a set of ϳ40 mRNAs that use the SL AUG. This is likely an underestimate, and a number of the mRNAs that do not pass these criteria may actually use the SL AUG as an initiator methionine. Analysis of the types of proteins encoded by clones with the SL AUG inframe did not reveal any common patterns in types of proteins encoded.
SL AUG Initiation Context-Several features are known to influence the efficiency and/or fidelity of translation initiation at an AUG codon in vertebrates including 1) the mRNA cap, 2) the length of the 5Ј-UTR, 3) the context of the AUG codon, 4) the secondary structure 5Ј and 3Ј of the AUG, and 5) the presence of upstream AUGs or ORFs (49, 50) . The levels of SL AUG-derived firefly luciferase activity were on average 50% higher than the control 5Ј-UTR for firefly luciferase. However, in contrast, Renilla luciferase activity with the SL AUG 5Ј-UTR was typically ϳ30% less than the control Renilla 5Ј-UTR (data not shown). Our interpretation of these data is that the SL AUG provides a reasonably efficient translation initiation context. However, a better understanding of the comparative efficiency of the 5Ј-UTRs of trans-spliced versus nontrans-spliced mRNAs will require additional analyses using several different non-trans-spliced, schistosome mRNA 5Ј-UTRs.
The schistosome SL AUG initiation context lacks the purine at the Ϫ3 position (a U is present) that is typical of initiation contexts for non-trans-spliced schistosome mRNAs, other invertebrates, or the general vertebrate Kozak consensus (GCCA/GCCAUGG) (43, 45, 49, 50) . Analysis of non-trans-spliced schistosome AUG contexts indicated that ϳ18% of the mRNAs have a U at this position. The most common nucleotide at Ϫ3 is an A present 54% of the time followed by a G at 21%. The control luciferase RNAs used in this study have a Kozak consensus (ACC) for Ϫ1 to Ϫ3. Substituting UGC (the SL AUG Ϫ1 to Ϫ3) for the Kozak context sequence in the control RNA led to only a small drop in translation efficiency (Fig. 4A ). Furthermore, efficient use of the SL AUG context (UGC) is not dependent on the upstream spliced leader sequence as a 5Ј-UTR with 30 random 5Ј-nucleotides (N30 UGC AUG) substituted for the upstream SL sequence does not have a large effect on translation. However, substitution of an A for U at the Ϫ3 position leads to a significant increase in overall luciferase activity (Fig. 4) . Thus, the relatively high frequency of A at Ϫ3 observed in cDNAs is reflective of a more optimal translation initiation context. Overall, these data indi- cated that aspects of the translation initiation context in schistosomes may be somewhat flexible and are complex. The addition of SL AUG Out-of-Frame-The majority of transspliced flatworm mRNAs do not have the spliced leader AUG in-frame with the major open reading frame. As illustrated in Fig. 6 , the spliced leader is typically trans-spliced within 30 nucleotides (54% of the mRNAs) of the initiator methionine of the recipient mRNA. No general patterns of encoded proteins were observed for these mRNAs as they appear to represent a diversity of protein types in a variety of cellular pathways. This is also true in the tapeworm Echinococcus (53) .
The addition of an upstream and out-of-frame SL derived AUG to the 5Ј-UTR of the recipient mRNAs might require leaky scanning or reinitiation mechanisms for translation of these mRNAs. For some oncogenes and growth factors, an upstream and out-of-frame AUG can lead to low or regulated translation of these mRNAs (44) . Addition of the native 5Ј-UTRs of two trans-spliced mRNAs with the SL AUG upstream and out-of-frame with the reporter AUG did not result in a reduction of overall luciferase activity. In fact, an increase in translation over both the wild-type and the SL AUG 5Ј-UTR was observed (Fig. 7B) . The test mRNAs have 13 or 16 nucleotides between the SL AUG and the reporter AUG. This distance is within the range observed for the majority of trans-spliced mRNAs that have the SL AUG out-of-frame with the ORF. The addition of the SL AUG less than 30 nucleotides from the ORF AUG might be optimal to minimize deleterious effects of an upstream SL AUG. Thus, the flatworm translation machinery may have evolved to accommodate the upstream AUG within a specified distance. However, additional experiments are required to rigorously examine this, and it remains to be determined whether shorter or longer distances between the SL AUG and the ORF initiator methionine have differential effects on translation initiation.
The nematode SL also typically splices close to the recipient mRNA initiator methionine. We recently demonstrated that this spacing is optimal for translation in vitro (30) . However, the nematode SL does not contain a 3Ј-terminal AUG. We previously proposed that heterogeneous transcription initiation from trans-spliced genes may require that trans-splicing trim heterogeneous 5Ј-UTRs to generate uniform 5Ј-UTRs with an appropriate translation initiation context lacking additional upstream AUGs (30) . The spacing between the SL and initiator methionine in both flatworms and nematodes is consistent with this hypothesis. However, although transcription of Ascaris trans-spliced genes appears heterogeneous, which is consistent with this hypothesis, it has been difficult to provide definitive data on the heterogeneous transcription sites (30) .
TMG Cap and Translation-The addition of the TMG cap leads to a reduction in translation of test mRNAs in schistosomes even when this cap is present on the SL (Fig. 5 ). This is similar to what we observed for TMG-capped reporters in nematode embryos (30) . Thus, under the experimental conditions evaluated, translation of TMG-capped RNAs in both flatworms and nematodes is in general less efficient than m 7 Gcapped RNAs.
Translation Context and RNA Stability-In the current studies, we have not directly examined the mRNA half-lives for various test mRNAs. The large 50 -100-fold differences in luciferase activity observed when the SL AUG is mutated to GCG are not likely explained by differences in RNA stability. Other RNAs examined with 1-2-nucleotide substitutions are also not likely to have significant differences in RNA stability. In addition, in separate studies in nematodes, the SL sequence and random sequence substitutions in the 5Ј-UTR did not have a significant effect on mRNA stability of the test RNAs (30) . 3 Overall, although we think that the current data are reflective of primarily translation initiation efficiency, some differences in mRNA half-life may also contribute to the overall levels of translation we have measured. Conclusions-SL trans-splicing was also recently described in cestodes, a distinct flatworm group commonly known as tapeworms (13, 32) . Analysis of a small set of trans-spliced mRNAs for two genera indicated that several of the trans-spliced mRNAs were likely to use the SL AUG based on the conserved N-terminal residues criterion applied here. A subsequent study also identified a high percentage of SL cDNA clones that were likely to use the SL AUG based on the SL AUG in-frame with an open reading frame of at least 99 nucleotides (53) . Our bioinformatic and functional schistosome data provides additional support to suggest that the tapeworm SL AUG is also likely to serve as an initiator methionine for some mRNAs.
In summary, bioinformatic and transfection data demonstrated that the 3Ј-terminal AUG of the schistosome-spliced leader can be used as an initiator methionine. These findings have added a novel function to the list of functions for trans-splicing.
